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Reusea b s t r a c t
A full scale ﬁeld study has been carried out in order to test and evaluate the use of slags from high-alloy
steel production as the construction materials for a ﬁnal cover of an old municipal landﬁll. Five test areas
were built using different slag mixtures within the barrier layer (liner). The cover consisted of a founda-
tion layer, a liner with a thickness of 0.7 m, a drainage layer of 0.3 m, a protection layer of 1.5 m and a
vegetation layer of 0.25 m. The inﬁltration varied depending on the cover design used, mainly the liner
recipe but also over time and was related to seasons and precipitation intensity. The test areas with liners
composed of 50% electric arc furnace (EAF) slag and 50% cementitious ladle slag (LS) on a weight basis and
with a proper consistence of the protection layer were found to meet the Swedish inﬁltration criteria of
650 l (m2 a)1 for ﬁnal covers for landﬁlls for non-hazardous waste: the cumulative inﬁltration rates to
date were 44, 19 and 0.4 l (m2 a)1 for A1, A4 and A5, respectively. Compared to the precipitation, the
portion of leachate was always lower after the summer despite high precipitation from June to August.
The main reason for this is evapotranspiration but also the fact that the time delay in the leachate forma-
tion following a precipitation event has a stronger effect during the shorter summer sampling periods
than the long winter periods. Conventional techniques and equipment can be used but close cooperation
between all involved partners is crucial in order to achieve the required performance of the cover. This
includes planning, method and equipment testing and quality assurance.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Many landﬁlls will be closed in the near future. In Sweden
roughly 2000 hectares of land ﬁll area have to be covered, equiva-
lent to about 100 million tonnes of construction material. If virgin
materials were to be used, the costs for these alone would amount
to tens of billions of Euros, but, in addition, this would also put a
strain on the environment through the exploitation of non-renew-
able resources. Consequently, many landﬁll operators are consider-
ing alternative cover designs and materials in order to reduce costs
and resource spending. However, there is a fair amount of
uncertainty with regard to the functional and environmentalconsequences of using alternative (secondary) materials, both from
the companies and the authorities.
The steel industry is expanding and, as the volume of steel pro-
duced increases, so more and more residues – waste as well as by-
products – are generated. In Europe, about 17.6 million tonnes of
steelmaking slag are generated every year. About 94% of the slags
are recycled internally within the steel plants, used externally in
different applications or are temporarily stored while the remain-
ing 6% are landﬁlled (Euroslag, 2012). In Sweden, as much as 18% of
the 1.4 million tonnes of iron- and steelmaking slags produced
annually are landﬁlled (Andreas et al., 2012).
Several steel slags have beneﬁcial properties such as good
strength, durability and latent pozzolanic (cementitious) proper-
ties that make them attractive and potentially suitable for in engi-
neering applications, such as road construction, soil stabilisation,
as ﬁller or binder in concrete or as drainage or low-permeability
barrier layers (Coomarasamy & Walzak, 1995; Tossavainen, 2005;
Andreas et al., 2012). Curing (hardening after mixing with water)
is a special feature of slags from secondary steelmaking that have
pozzolanic properties e.g. ladle slags. Many electric arc furnace
slags (EAFS) have physical properties comparable to natural aggre-
gates such as granite e.g. high compressive strength and resistance
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tics of crystalline steel slags are similar to those of basalt.
Final covers at landﬁlls are used to reduce the ﬂow of water that
inﬁltrates into the deposited waste and, hence, the amount of
leachate to be collected and treated. Also, the amount of landﬁll
gas emitted into the environment is reduced with a low-perme-
ability cover. A ﬁnal cover of a landﬁll is a system of components
that all contribute to the desired function. The legal requirement
in Sweden is directed towards the maximum amount of leachate
generated at the bottom of the landﬁll: 65 and 650 l (m2 a)1 (cor-
responding to 0.5 and 5 cm a1) for class 1 and 2 landﬁlls, respec-
tively (SFS, 2001:512). To ensure these standards are met, a layer
with low permeability is needed to reduce water inﬁltration (and
also landﬁll gas emissions). The hydraulic load of such a layer
has to be controlled by a water-holding protective soil layer and
an effective drainage layer.
Previous laboratory investigations indicate that steel slags can
be used as construction material for both liner and drainage
layers (Herrmann et al., 2010). In order to verify this in the ﬁeld,
ﬁve tests areas (A1–A5) were constructed at a municipal landﬁll
between 2005 and 2011. The test areas were covered using differ-
ent mixtures of steel slags from the local steel company in the
liner. In addition to the barrier function, the long-term mechani-
cal and chemical stability of the materials is of concern, as well as
possible emissions of hazardous elements from the slags. The
leaching behaviour during ageing under laboratory conditions
was studied and found to be insigniﬁcant by Diener et al.
(2010); an evaluation of the slag leaching in the ﬁeld test is being
prepared.
The objective of this paper is to evaluate the hydraulic perfor-
mance of a landﬁll cover built with steel slags based on observa-
tions of full-scale test areas during two to seven years. Variations
in inﬁltration due to different recipes, construction techniques
and climate were studied and evaluated as well.Table 1
Chemical composition of the single slags (EAFS 1–4 and LS)a, Mix 1 Lab (mix following reci
samples from A1 and coefﬁcient of variation CV) compared to average compositions of E
including AOD, VOD and secondary metallurgical slags (SMS)b, and Ordinary Portland cem
EAFS 1 EAFS 2 EAFS 3 EAFS 4 LS
TS (%) 99.9 99.9 99.8 99.9 99.9
Main elements (% TS)
Ca 26.6 19.1 18.4 29.4 30.4
Si 13.2 13.6 10.0 7.2 5.4
Al 3.4 5.0 3.1 10.0 14.3
Fe 2.4 3.1 16.9 1.4 1.1
K 0.07 0.16 0.74 <0.02 <0.02
Mg 10.3 10.8 4.7 11.2 8.9
Mn 1.67 1.60 2.56 0.23 0.08
Na 0.09 0.19 0.52 0.02 0.01
P 0.01 0.02 0.10 <0.02 <0.02
Ti 0.17 0.21 0.22 0.12 0.08
C 0.13 0.12 0.17 0.14 0.23
S 0.04 0.05 0.09 0.19 0.23
CaO/SiO2 1.32 0.91 1.2 2.69 3.66
Minor elements (mg/kg TS)
As 0.23 0.55 1.03 0.98 0.38
Ba 160 150 200 80 60
Cr 17516 43515 43652 3968 1916
Cu <2556 <2556 <2556 <2556 <2556
Mo 133 267 2466 67 53
Ni <157 <157 157 <157 <157
Pb 74 93 278 158 371
V 2689 1905 3585 224 728
Zn <562 <562 <562 <562 <562
– No data available; not analysed.
a Different analytical methods, see description of analyses.
b CSR-Report (2011).
c OPC type II, also referred to as ASTM-C150, (Dobrowolski, 1998).2. Background
2.1. The steelmaking slags
Four different types of electric arc furnace slags (EAFS types 1, 2,
3 and 4) and one ladle slag (LS) were used. They derive from high-
alloy tool steel production at the local steel mill. In contrast to
low-alloy steel, often phrased just alloy steel, steel is called high-
alloyed if the content of at least one alloy element exceeds 5% by
weight. The local steel mill produces about 50 different types of
tooling steel and component-materials. Frequently used alloys
are, apart from carbon, Cr, Mo, Ni and V but also Si, Mn, S, and N.
While the major part of these alloys remains in the steel, minor
portions may spill over to the slags (see Table 1).
EAFS 1 and 2 are produced under reducing conditions; EAFS 1
under addition of silicon (FeSi) and recycled steel, EAFS 2 under
addition of FeSi and high carbon chromium. EAFS 2 is decarburised
using oxygen before slag separation. EAFS 3 is produced under
oxidising conditions and addition of iron, molybdenum oxide, oxy-
gen and carbon. After the separation of EAFS 3, FeCr and FeSi are
added whereupon EAFS 4 is drawn off. The steel is treated further
at the ladle station and new slag former is added. The treatment at
the ladle station occurs under reducing conditions. EAFS 4 and LS
disintegrate during cooling into ﬁne powder. After tapping, the
steel slags are cooled down in different compartments. EAFS 1-3
are sprayed with water while EAFS 4 and LS cool down with air
contact only in order to preserve their cementitious properties.
For the same reason, they are stored indoors until they are used.
EAFS 1-3 were coarsely grained with 70 wt% between 1 and
20 mm while EAFS 4 and LS consisted of more than 75 wt% of ﬁnes
with <0.5 mm in size. The liner mixtures were well-graded with an
almost even ratio between coarse and ﬁne particles. The bulk den-
sities of the slags were 1.91, 1.98, 2.3, 1.83 and 1.73 t/m3 for
EAFS 1–4 and LS, respectively.pe for A1, consisting of EAFS 1, 2 and LS), Mix 1 Field (average of three excavated liner
uropean EAF slag from stainless high alloy steel making (EAFS-S), steelmaking slag
ent (OPC)c.
Mix 1 Lab Mix A1 Field (CV%) EAFS-Sb SMSb OPCc
97.7 98.8 (0.2)
25.6 18.6 (22) 35.5 29.9 46.1
9.1 10.8 (6) 16.9 2.4 9.8
8.7 5.9 (33) 0.7 11.7 2.4
1.3 13.1 (96) 1.7 5.4 2.2
0.17 0.4 (11) 0.02 0.02 –
9.3 7.7 (9) 3.8 4.3 1.2
0.69 0.6 (26) 0.29 0.84 –
0.10 0.3 (10) 0.05 0.01 –
0.01 0.02 (25) 0.03 0.09 –
0.14 0.1 (5) 0.46 0.22 –
– – – – –
0.19 0.12 (43) 0.63 0.57 –
1.85 1.1 (27) 1.37 8.26 3.07
<8 7.0 (74) <5 <5 –
129 212 (5) 143 111 –
8310 11217 (28) 4106 821 –
31.7 122 (81) 11 37 –
99.7 260 (25) <5 24 –
21.3 197 (61) 182 28 –
11.1 10.9 (11) <5 <5 –
1080 922 (15) 142 255 –
107 240 (13) 60 77 –
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The test areas were built on the municipal landﬁll of Hagfors, a
small town in the province of Värmland, Sweden, about 90 km
north of Lake Vänern. The landﬁll has been operated since the
1960s and small amounts of waste are still landﬁlled. The installa-
tion of the ﬁnal cover started in 2005 on the northern slope with
the ﬁrst cover test area A1.
The climate in Hagfors is continental with cold winters. The an-
nual average temperature over the last ten years has been 4.6 C
and the average annual precipitation about 800 mm. About one
third of the annual precipitation occurs during November–March
when the average temperatures are below zero, and two thirds
during the rest of the year with the highest amounts from May
to August. 20–25% of the precipitation falls as snow. The inﬁltra-
tion is assumed to be low during the winter months once a frost
layer has been established. According to temperature measure-
ments, only the upper 10 cm of the ground surface are frozen by
the end of the winter (1 to 5 C). Deeper frost penetration is
prevented by the heat generated by the underlying waste.
The average annual evaporation is about 400–500 mm (SMHI,
2013) and the regional runoff 300–350 mm with a maximum in
spring in conjunction with the snowmelting. The local surface run-
off from the covered parts of the landﬁll is estimated to be much
lower, based on a quite even distribution of the rainfall: precipita-
tion occurred on 57% of the days during the months with average
temperatures above zero with a maximum of 43 mm/day and
12 mm/day as the 95% percentile. Dry periods never lasted longer
than 13 days (6 days in 95% of cases) during the observation peri-
od. Also, the character of the cover surface with dense grass and
scrub favours evapotranspiration.2.3. Liner design
The selection of the steel slag mixtures to be used in the liner
was based on results of several pre-studies in lab scale (Andreas
et al., 2005; Diener, 2006; Herrmann, 2006; Herrmann et al.,
2010). The tests included chemical and mineralogical material>65% EAF
<35% EAF
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Fig. 1. Design for the test areas A1–A5; year of construction, materials used, recipes (p
laboratory tests (Herrmann et al., 2010) are given for liner and protection layer.characterisation, grain size distribution, compaction and curing
properties, hydraulic conductivity and compressive strength
(Andreas et al., 2005; Herrmann et al., 2010). For the assessment
of the future development of both function and emissions, acceler-
ated ageing was investigated by Diener et al. (2010).
The chemical compositions of the slags and some slag mixtures
are shown in Table 1. The rock-like slags EAFS 1, 2 and 3 cure only
very little, while EAFS 4 and ladle slag have pronounced curing
(pozzolanic) properties. When water is added, the ladle slag hard-
ens to a concrete-like consistency after only a few hours as a result
of primarily hydration reactions. Sample specimens consisting of
pure ladle slag disintegrated after three months, probably due to
the high content of CaO and MgO that expand during hydration.
Mixing both curing and non-curing slags, however, resulted in
sample specimens that combined the mechanical stability and
strength of the rock-like EAF slags with the binding properties of
the curing slags. These mixtures had high mechanical stability,
low hydraulic conductivity and were stable several months after
the experiment had been terminated (Diener, 2006; Herrmann,
2006) or even years (Diener et al., 2010). Mixtures of 35–55% of
curing slags (EAF4 and LS) and 45–65% EAFS 1/2/3 were found to
fulﬁl the inﬁltration requirements for a liner material. The hydrau-
lic conductivity ranged between 7  108 and 1012 m s1 and was
lowest when the material was compacted directly after mixing
with water (Herrmann et al., 2010). For the recipes tested in full
scale, the hydraulic conductivity is given in Fig. 1. Observe that,
as for all laboratory tests, the EAFS were crushed to <8 mm.2.4. Cover functions and construction
Between 2005 and 2011 ﬁve cover test areas were constructed
on the northern slope of the landﬁll. The inclination of the slope
varies from about 1:20 at the top and 1:3 at the bottom but is sim-
ilar for all areas. The different cover designs are presented in Fig. 1.
The ﬁrst layer on top of the waste serves as foundation for the
cover and is used for moulding the landﬁll into its ﬁnal shape.
Coarse EAF slag (density 1.95 t/m3) was placed on top of the waste
one to three years prior to the cover installation, in order to allow aS1+2 (<35 mm) 
S4+LS (<20mm) 
aste
epings
FS 1+2 
60 mm)
borrow soil
mpost
a 2+3
7, 2008
Waste
EAFS 1+2 (0-150 mm)
50% EAFS 3 (< 20 mm) 
50% EAFS 4+LS (<20 mm) 
EAFS 1+2 
(20-60 mm)
80% borrow soil
10% bio ash
10% treated sludge
compost
Area 4+5
2010, 2011
≥ 0.3 m
≥ 0.3 m
≈ 1.5 m
≈ 0.7 m
≥ 0.25 m
ercentage by weight) and layer thickness. Hydraulic conductivities determined in
1 Throughout this paper and if not stated otherwise, the term leachate is used to
describe the water that percolates through and is collected directly below the cover.
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was built. A draining material was chosen that allows excess
landﬁll gas, not collected in the gas system below, to be removed
laterally. The layer is connected to the gas collection system. Also,
a draining material will serve as a capillary break which limits the
hydraulic gradient over the liner. A low-permeability liner reduces
the water and gas ﬂows between the landﬁlled waste and the sur-
rounding. Its thickness is chosen as a precautionary measure
against differential settlements but also in order to adjust for inho-
mogeneity in the liner mixture. The drainage layer on top of the
liner is dimensioned to allow lateral movement of inﬁltrated water
during periods when the ﬁeld capacity of the soil above is
exhausted (typically in spring, during and after snowmelting). Pre-
caution is taken not to allow lateral air intrusion in order to keep
the drainage layer inhospitable for plant roots. A thin geotextile
(165 g m2) is placed below and on top of the drainage layer as
material separating layer. The main function of the protection layer
is to avoid desiccation of the liner which might lead to cracks and
damage by deep roots which form when the moisture content of
the soil falls below the plant available ﬁeld capacity for longer peri-
ods. According to several studies on barrier performance in landﬁll
top covers, a sufﬁciently thick soil layer on top of the barrier with
high water-holding (ﬁeld) capacity and rather low hydraulic per-
meability is crucial to ensure the long-term performance of the
liner (Melchior, 1997, 2002; Benson et al., 2007; Henken-Mellies
and Schweizer, 2011).
One intention with the chosen cover design was to keep the
leachate formation in the landﬁll body reliably below the legal lim-
it. On the other hand, the inﬁltration should not be restricted too
much so that water is available for the degradation of the landﬁlled
waste, as a prerequisite for the long-term stability of the landﬁll.
The steel slags used in the liner were crushed, sieved and mixed
according to the developed recipes, and then mixed with water. A
mixture of 50%EAFS1 + 2 and 50% ladle slagwas tested as linermate-
rial in theﬁrst test area (A1). Since theportion of EAFS 1 + 2generated
per tonne of steel is much higher than the amount of LS and EAFS 4,
and since ﬁne-crushing of the EAFS is time-consuming and rather
damaging for the equipment, A2 and A3 were built using more and
coarser fractions of EAFS 1 + 2 and less LS but with the addition of
EAFS 4. Laboratory tests had given satisfactory results for these
recipesaswell (Herrmann, 2006).Unexpectedlyhigh inﬁltration rates
in A2 and A3 led to an investigation of the materials, recipes and
processes used. A misunderstanding regarding the slag ratios in the
recipes was revealed: the given ratios had been interpreted as vol-
umes instead of weight ratios. Recalculated to percentage weights,
this means that the actual mixtures used contained more EAFS and
less cementitious slag: about 53% EAFS 1 + 2 and 47% LS in A1 and
about 67% EAFS 1 + 2 and 33% EAFS 4 + LS in A2 and A3. The liner in
A4 and A5 was correctly built with a 50/50 mix based on weight-%,
though using another EAF slag (EAFS 3), see Fig. 1.
The mixing and construction techniques were reﬁned during
the early years of the project: while A1 was built with a rather
poorly conceived technique, from A3, the method can be consid-
ered as technically mature and acceptable.
In all the areas, the liner was installed and compacted in three
layers using a hydraulic excavator and smaller compaction ma-
chines as soon as the material was distributed over the construc-
tion area. The time between water addition and compaction was
kept within 1–3 h based on laboratory tests that had shown that
both the hydraulic conductivity and the compaction properties of
the liner material are strongly affected by time. Directly after
installation, the liner was covered with the remaining layers in
order to avoid desiccation or, in the case of rainy weather, erosion.
Depending on the size of the area (800–1200 m2), the liner was
exposed to atmospheric conditions for between seven and twenty
days before the upper layers were installed.3. Methods
3.1. Measuring equipment
Lysimeters were installed below the liner to collect the water
(leachate1) percolating through the top cover. Ten lysimeters made
of a glass ﬁbre reinforced polymer material with a bottom area of
1 m2 and a height of 0.3 m were placed randomly below the liner
in each test area (Fig. 2) such that the liner material tightly gripped
around the upper edge (about 5 cm) of the lysimeters. The lysimeters
were ﬁlled with 0.25 m clean gravel (8–16 mm) up to about 5 cm be-
low the upper edge and covered with a thin geotextile in order to
avoid intrusion of the ﬁner liner material into the gravel. The geotex-
tile was wrapped closely around the upper edge. The area in be-
tween and around the lysimeters was ﬁlled with sand to the same
height, in order to avoid capillary effects such as lateral water suc-
tion into the lysimeters. The water level within the lysimeters was
not monitored. Assuming an average porosity of the gravel of 0.4,
the maximum volume of water that can be collected in each lysim-
eter is about 100 l. Based on the design developed to meet the inﬁl-
tration limit of 50 mm (m2 year)1 and a semi-annual emptying
routine, 100 l should be sufﬁcient to prevent overﬂow of the lysime-
ters. However, there is a risk for overﬂow and hence, underestima-
tion of the leachate volume. To avoid this risk, pressure
transducers for water level monitoring or time domain reﬂectome-
ters for water volume detection could be installed as described by
Mijares et al. (2012).
Each lysimeter was equipped with two plastic tubes (polyam-
ide) to permit evacuation of water without creating low pressure.
While leachate was pumped up, nitrogen was pumped down.
Nitrogen was chosen in order not to contribute to oxidation or car-
bonation processes below the liner. All tubes were collected at a
measuring hut placed on top of the cover. A well for the collection
of lateral drainage run-off from the liner surface was placed at the
lowest point of each test area.
Temperature and gas composition below and above the liner
were measured as well but are evaluated elsewhere. Ambient tem-
perature and precipitation were recorded at the landﬁll on a daily
basis.3.2. Sampling
Sampling was carried out two or three times a year. Due to the
climatic conditions, sampling was only possible from the end of
April/May to October/November. Since the construction of the test
areas always tookplaceduring theautumnmonths, theﬁrst samples
could only be taken during the following spring and in the case of A1
not before 9 months after construction. Leachate that had collected
in the lysimeterswas pumped to the surfacewith a peristaltic pump
and the volume of leachate per lysimeterwas recorded. One lysime-
ter in A1 was excluded from the evaluation because it never
contained any water other than once at the beginning. The connec-
tion pipe was tested by pumping down a known volume of water
and trying to pump it up again: since only a small volume could be
reclaimed, the pipe was considered broken.3.3. Excavation
In September 2010, minor sections of the test areas A1 and A3
were excavated in order to study the appearance and consistency
of the different layers within the cover ﬁve and two years after
construction, respectively.
Drainage layer
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1
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Temperature probes
Measuring hut 
and well
Liner
Protection layer
Vegetation layer
Lysimeters 
Temperature probes
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Waste
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Geotextile 
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Fig. 2. Placement of the measuring equipment instancing test area 1. Left: schematic cover design with layers, geotextile, proﬁle of lysimeter, vertical and horizontal probes,
each probe containing 3 temperature sensors and a gas sampling hose. Right: top view of the equipment below the liner – 10 lysimeters (squares), the horizontal probes and
position of the well at the bottom of the slope. Bottom left: Lysimeter ﬁlled with gravel before covering with geotextile sheet and before installing the protection tube around
the evacuation and pressure equalizing hoses; right: lysimeter entrenched in sand and covered with geotextile. Liner slag mix prior to distribution and compaction.
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The total composition of the slagmixtures (Mix 1 Lab andMix A1
Field)was determined using ICP–AES (EPAmethod 200.7;modiﬁed)
and ICP-SFMS (EPAmethod 200.8;modiﬁed) after digestion accord-
ing to ASTM D3683 and D3682. The chemical composition of the
single slags was analysed as follows: C and S according to ASTM
E1019-08 in a Leco CS 200; Hg with cold vapour analysis following
SS-EN1483 and SS-EN 13506 in a Millennium Merlin PSA 10.025;
As, Sb, Se according toSS-EN ISO11969usingaMillenniumExcalibur
PSA 10.055 after digestion (SS-028150; mod. for Se with double
micro-wave digestion). Fe, Si, Al, Ca, Mg, K, Mn, P, Cr, Zn, Ni, Cu, Ti,
V were analysed as oxides using XRF in a Siemens SRS 303 after
melting with 9.95 g Spectroﬂux 1010 and 0.05 g lithium iodide. Ba,
Mo, Pb, Cd, Sn, Na were analysed using ICP–AES in an Optima 3000
DV in the crushed and HCl-digested melt from the XRF, whereas Ba
was micro-wave digested with HNO3 (similar to SS-028150-2). For
XRD, the samples were dried, milled and analysed using a Siemens
D5000 diffractometer and Cu Ka radiation (40 kV, 40 mA). The step
size was 0.02 and the step time 2 s per step from 5 to 702h.Table 2
Most common minerals found and in the tested steel slags.
EAFS 1 and 2 Ladle slag
Iron Fe Periclase MgO
Merwinite Ca3Mg(SiO4)2 Calcium Silicate c and a-Ca2SiO4
Monticellite CaMgSiO4 Iron Fe
Clinoenstatite MgSiO3 Spinel MgAl2O4
Calcium silicate Ca2SiO4 Mayenite Ca12Al14O33
Magn. alum. oxide MgAl2O44. Results and discussion
4.1. Chemical and mineralogical composition of the slags and mixtures
The chemical composition of the slags used, of a slag mixture
following the recipe for A1 and of three excavated ﬁeld samples
are shown in Table 1 together with European average compositions
for these types of slag, and Ordinary Portland cement. The mineral
composition was analysed for EAFS 1 + 2 and LS. The most common
minerals are shown in Table 2.
EAFS 1–3 consist mainly of calcium, silicon and magnesium oxi-
des. Ladle slag and EAFS 4 also contain high amounts of aluminium.Oxides of Al and Ca and Si are the main constituents of calcium-
aluminates and di-calcium silicates that have strong cementitious
binding properties and are part of commercial aluminate and Port-
land cements. These components make the slags readily react with
water and form hard cement-like structures. The Ca content of the
tested slags is about half to 66% of the content in OPC whereas the
Mg content is considerably higher and, for EAFS 4 and LS, also the
Al content. As shown in Table 2, part of the Mg in the LS occurs as
MgO (periclase). Free MgO may deteriorate the cementitious prop-
erties as it reacts with calcium silicates (Adolfsson et al., 2011) or
cause volume instability, due to swelling during hydration reac-
tions (Emery, 1984; Shi, 2002; Durinck et al., 2008). In the actual
case the portion of free MgO in the liner mix is quite low. This, to-
gether with the heterogeneity of the slags, implies that Mg may at
most cause local swelling in isolated pockets rather than extensive
damage over large areas. Also, the load of the overlying layers of
about 30 kPa counteracts lifting due to swelling; instead, small
particles will disperse into the existing pore space.
Due to the special types of steel produced at the local steel mill,
the slags contain comparatively low amounts of trace metals and
other minor elements, apart from Cr, Mo and V. For the leaching
properties see Herrmann et al., 2010; Diener et al., 2010 and a com-
ing publication about the leaching in the ﬁeld test (Andreas et al.).
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amounts of Ca, Si, Ti and S are lower while those of Al, Mg, K, Na
and Mn are higher in the studied EAFS. EAFS 4 and LS contain more
Si, Mg and less Fe, Mn and S than the average found in European
SMS.
The composition of Mix 1 Lab corresponds to a calculated com-
position based on the included slags. The ﬁeld mix A1, however,
differed from this composition with a lower ratio of CaO/SiO2
and higher amounts of iron, sodium, potassium, barium, phosphor,
cobalt, copper, chromium, molybdenum, nickel and zinc. The vari-
ation between the three sampling points was quite high, especially
for Fe, Co, Cu, As, Ni. A reason for the higher content of several met-
als could be that the laboratory samples were more carefully
crushed and metal separated than the slags used for the construc-
tion of A1. The large variation can be explained by the natural inho-
mogeneity of the slags, and the initial difﬁculties of slag handling
and mixing at full scale.
The mineralogy of the steel slags largely comprises various cal-
cium silicates such as di-calcium silicate (Ca2SiO4), and calcium
magnesium silicates such as Monticellite (CaMgSiO4) and Merwi-
nite (Ca3Mg(SiO4)2). Also, calcium aluminates such as Mayenite
(Ca12Al14O33) and Gehlenite (Ca2Al(AlSi)O7) are typical whereas
Periclase (MgO) and FeO are present in smaller amounts. Also, very
stable compounds such as spinel minerals are part of the slags; for
example, the Spinel mineral itself (MgAl2O4) and Hercynite (FeAl2-
O4) were identiﬁed.4.2. Experiences from the construction
Generally, the construction of the steel slag liner posed no prob-
lems, even though, initially, additional work was necessary com-
pared to construction with conventional materials. During the
construction of the ﬁrst test area in 2005, some processes had to
be improvised e.g. the mixing with water.
Both slag treatment and construction technique were devel-
oped and optimised during the project. Processes such as slag cool-
ing, storage, crushing, sieving and mixing, water addition and
homogenisation have a large impact on the ﬁnal quality of the
liner. Also, the compaction equipment and energy applied are
important as well as a rapid covering of the liner with the upper
layers of the construction.
Usually, hot steel slags (1600 C) are air-cooled and then
sprayed with water in order to minimise dusting. Since the contact
with water initiates the cement reactions leading to the hardening
of ladle slag and EAFS 4, water must not come into contact with
these slags before the actual construction takes place. This requires
dry storage with rain protection.
Crushing is necessary for the rock-like EAF slags and was prob-
lematic due to the presence of compact metal inclusions. The size
of the metal inclusions can be up to several decimetres which
caused two crushing machines to break. The solution used from
A4 and onwards was a small crushing scoop attached to an excava-
tor, which enabled the machine operator to easily stop the device if
larger metal pieces appeared.
Combined sorting and mixing equipment was used to mix the
different slags according to the recipe. A sprinkler above the output
side of the machine, which was fed by an adjustable pump, allowed
the precise addition of water into the output ﬂow of the slag mix-
ture. Further homogenisation was achieved by loading the ﬁnal
mixture onto the dumper for transport, tipping it onto the con-
struction area and spreading it out with a caterpillar.
As soon as it was spread out, the liner mixture was compacted
with a walk-behind plate compactor. Due to the limited size of the
test areas and the need for careful compaction around and on top
of the measurement equipment, no large-scale rollers were used.4.3. Liner performance
The liner performance in the ﬁeld was evaluated using lysime-
try. Based on a rough water balance calculation, about one quarter
to one third of precipitation is expected to reach the drainage layer
below the protection layer. The permeability of the drainage layer,
the inclination of the landﬁll slope and the ﬂowing distance deﬁne
how long this water is in contact with the liner surface during run-
off. Depending on the contact time and the hydraulic conductivity
of the liner material, more or less water will penetrate through the
liner. To meet the legal requirements in Sweden, not more than
5–7% of the annual precipitation at the actual landﬁll site, or about
20% of the drainage water, is allowed to pass through the liner; cor-
responding to 50 l (m2 a)1. Unfortunately, the measurement of the
run-off on the liner (the drainage water) was not possible. Several
methods to quantify these amounts were tested but none gave
reliable results.
A visual evaluation of the integrity of the liner was carried out
in connection with the excavation of material from A1 and A3 ﬁve
and two years respectively, after construction. The liners in both
areas were found to be in good shape. Superﬁcial ﬁssures of a
few centimetres were observed in A1. The coarser composition of
the liner mix in A3 was clearly visible (see Fig. 3) and was also evi-
dent to the excavator operator. It was considerably easier to dig out
the liner material from A3 compared to A1.
4.4. Leachate generation
The inﬁltration through the liner differed between the ﬁve test
areas. In autumn 2012, the cumulative inﬁltration corresponded to
44, 74, 71, 19 and 0.4 l (m2 a)1 for A1 to A5, respectively.
Compared to the legal limit of 50 l (m2 a)-1, the covers of A2 and
A3 allowed about 50% more water to enter the landﬁll than al-
lowed. The development over time is illustrated in Fig. 4 showing
the cumulative amounts of leachate per total elapsed time.
The estimated maximum of 100 l that can be collected in one
lysimeter before it ﬂows over was reached only twice (lys. 1_1 in
May 2010 and lys. 2_1 in September 2012), which suggests that
the designed lysimeter volume was sufﬁcient to collect the leach-
ate that percolates through the liner between the sampling
occasions.
The inﬁltration increased during the ﬁrst two to three years for
A3 and A1, respectively, before it levelled off or started decreasing.
Also, so far, A4 shows an increasing trend. The leachate amounts in
A2 decreased from the very beginning in a rather steep curve. No
trend can be seen yet for the youngest area A5.
The initial increase is most likely related to increasing water
saturation of the liner material in the ﬁrst period after construc-
tion. The saturation occurred the fastest in A2, where basically
no initial increase was observed, probably due to the long time that
elapsed between construction and the ﬁrst sampling event
(260 days). In contrast, the saturation in A1 and A4 was quite slow
which can be related to the smaller particle size of the slags in
these areas (cf recipes, Fig. 1) and, hence, a less porous liner
material.
The decrease in A2 and A3 might be explained by mineral
transformations within the slag matrix such as carbonation of cal-
cium and magnesium leading to the precipitation of carbonates in
the pores of the liner material. Carbon dioxide is readily available
in a landﬁll environment where municipal solid waste anaerobi-
cally decomposes to mainly CO2 and methane, CH4. The landﬁll
gas is usually moisture-saturated and the temperatures are
slightly elevated: 5–20 C was observed below the liner depend-
ing on the season. Future observations will show if the decreasing
trend in A2 and A3 remains such that the inﬁltration eventually
reaches a level falling below the legal limit. As Fig. 5 shows, the
Fig. 3. Excavation of the liner: image of the liner surface directly below the geotextile and detail of a piece (left, A1) and a section (right, A3).
Fig. 4. Leachate amounts below the liner over time (cumulative) compared to the legal inﬁltration limit of 50 l/m2 year.
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year for A2 and A3, respectively) was already below 50 mm. On
the other hand, calculated for individual years, the inﬁltration
in A1 exceeded the legal limit twice (year 4 and 6). A correlation
to the precipitation can be seen more or less for all areas from
year 2 to 3 onwards (more discussion about this correlation
follows in a separate section).
The differing behaviour of A2 and A3 during the ﬁrst two years
could not be fully explained. According to Fig. 1, they were built
using similar recipes. However, in practice, the construction pro-
cesses and recipes used were not exactly the same. The intention
for A3 was to decrease the slag particle size again approaching that
in the A1 recipe. However, only a small part of the liner material
could be prepared accordingly since the crushing equipment broke,
meaning that the majority of the material had to be prepared as for
A2.
Based on these results, a minimum of 50 wt% of cementitious
slag is recommended for the liner mixture and the ballast EAFS
should be crushed to a particle size of not larger than about 3%
of the liner thickness, in order to achieve the required cover func-
tion and performance.
Examining the variation between the different lysimeters in
each area per sampling event (Fig. 6), the inﬁltration varied most
during the ﬁrst two years in A1 and least during the ﬁrst two years
in A3. The immature techniques used for the construction of A1 on
the one hand, and the improved techniques used for A3 on theother hand are a likely explanation for these differences. A mature
construction technique results in a more homogeneous liner con-
sistency and hence, more even water inﬁltration. However, the var-
iation in A3 and also A2 increased after about two years, probably
due to the precipitation of carbonates in the existing pore volume,
yet not evenly distributed over the whole area. The variation in A4
and A5 has been in the same range as for the other areas; hitherto
decreasing for A4 and increasing for A5. Looking at all areas, there
is a weak tendency for less variation during spring time, which
could be related to the longer time interval of, on average, 210 days
between the autumn and spring sampling smoothing out high
short-term variations.
Fig. 7 shows the statistical distribution of the inﬁltration
measured by single lysimeters for each collection period
(77–260 days), calculated as litre per m2 per year. One can see a
considerable skewness for A1, A2 and A4, illustrating that the vol-
umes per lysimeter varied a great deal and were often zero in A1
and A4. Also, it can be seen that the limit of 50 l (m2 year)1 was
met on several occasions even in A2 and A3 and exceeded several
times in A1 and occasionally in A4. As discussed earlier, A3 had the
most even distribution, which can be related to (i) the comparably
high permeability (which, however, is true for A2 as well) and (ii)
the improved construction technique leading to a more homoge-
neous liner consistency and hence, water percolation throughout
the whole test area. Fig. 7 also shows that the differences between
the test areas are not statistically signiﬁcant.
Fig. 5. Yearly inﬁltration through the liner compared to the legal limit of 50 l/m2 year. Precipitation P per annual sampling period (365 day periods following the initial
operation; different series for A2 and A3 due to different offset).
Fig. 6. Variation coefﬁcient for the amounts of leachate collected in the 10 lysimeters per area for each sampling event; development of the variation over time.
Fig. 7. Inﬁltration per lysimeter and collection period. Boxes: 2nd and 3rd quartile,
median (line), average (dot); whiskers: 5% and 95% percentile. Dotted line: legal
limit.
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Samples from the protection layers of A1, A2 and A3 were taken
during the excavation in 2010 and analysed with regard to density,
particle size distribution and hydraulic conductivity. The results
showed that the soils used in A2 and A3 had lower compact
density, coarser and less well-graded grain size distribution and
higher hydraulic conductivity compared to the soil used in A1.
An inquiry among the construction workers revealed that the soil
used in A2 and A3 was not mixed according to the recipe but plain
borrow soil had been used.
With a higher permeability of the protection layer in A2 and
A3 than in A1, both inﬁltration and percolation were greater in
these areas, with a higher hydraulic load on the liner as a conse-
quence of this. This contributes to the explanation of the different
trends of leachate generation in A1 as compared with A2 and A3,
i.e. the slow build-up of leachate ﬂux over time in A1 and the
swifter increase and later somewhat diminishing ﬂux in A2
and A3. This highlights the fact that all cover components are
important for inﬁltration control and that a well-designed
protection layer contributes considerably to the overall function
of a landﬁll cover.
Fig. 8. Leachate as a proportion of the precipitation per sampling period and normalised precipitation as mm per day over the respective period.
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On average, 6%, 13%, and 11% of the precipitation formed leach-
ate in A1, A2 and A3, respectively. The inﬁltrated leachate as a pro-
portion of the precipitation per sampling period is shown in Fig. 8,
together with the normalised precipitation as mm per day during
the respective sampling period. A clear difference between winter
(collection periods of 150–260 days) and summer (77–147 days)
can be seen: the portion of leachate is always lower after the sum-
mer despite high precipitation from June to August. The main rea-
son for this is evapotranspiration but also the fact that the time
delay in the leachate formation following a precipitation event
has a stronger effect during the shorter summer sampling periods
than the long winter periods.
The correlation between leachate generation and precipitation
was tested for A1, A2 and A3. The correlation over all sampling
events was quite low but improved when excluding the spring
samplings to 0.6, 0.5 and 0.6 for A1, A2 and A3, respectively. A
low correlation at the spring sampling can be expected because
the precipitation from the previous period (150–260 days) is dis-
charged in rather irregular proportions by either sublimation of
snow, surface run-off or ground inﬁltration. For the annual periods
shown in Fig. 5, the correlation between inﬁltration and precipita-
tion was 0.7 for A1 and 0.3 for A2. For such ﬁeld tests, these are
fairly good correlations and they show that the lysimeters work
as expected. No pattern regarding the spatial distribution of these
lysimeters could be identiﬁed. This means that (i) the correlation of
leachate amount and precipitation was not dependent on high
inﬁltration in certain places and (ii) no anomalies in certain points
of the construction could be identiﬁed based on the amounts of
leachate measured by the different lysimeters.
5. Conclusions
The construction and the functional properties of a full-scale
landﬁll top cover using steel slags were demonstrated and evalu-
ated. The tested electric arc furnace slags are suitable to be used
in the foundation and equalisation layer, in the drainage layer
and, mixed with cementitious slag (ladle slag and similar), in the
low-permeability barrier layer (liner). The recipe for the liner
mixture should contain at least 50 wt% of cementitious slag; the
particle size of the ballast EAFS should not exceed about 3% of
the liner thickness.
The hydraulic performance of the cover construction could
not be evaluated exhaustively because the inﬁltration variedconsiderably, depending on the recipe and construction technique
used but also over time:
 A1 with a recipe close to 50/50 wt% EAFS and LS and built
using rather poor construction technique worked well dur-
ing the ﬁrst years but the inﬁltration exceeded the legal limit
over more recent periods with high precipitation.
 The areas A4 and A5 with a liner consisting of 50 wt% EAFS
and 50 wt% EAFS 4 + LS and built with a mature construction
technique fulﬁl the legal inﬁltration requirement so far, but
the observation time is too limited at the moment for any
deﬁnitive conclusions.
 The high inﬁltration in A2 and A3 is mainly due to an incor-
rect recipe with an increased particle size of EAFS and too
low amounts of the cementitious slags EAFS 4 + LS. However,
the higher permeability of the protection layer is also
assumed to contribute to the poorer performance of these
areas. The inﬁltration has decreased over recent years, which
gives rise to the assumption that even these recipes may
work in the long-term. Chemical processes such as carbon-
ation and subsequent ﬁlling of the pore space in the liner
are possible reasons for this behaviour.
The inﬁltration also varied within each area and on each sam-
pling event: it was highest for A1 at the beginning and for A2
and A3 over recent years. The variation was often lower during
spring sampling which coincides with the longer duration of the
winter collection period.
Despite higher speciﬁc precipitation (mm/day) during summer,
the proportion of inﬁltrated leachate is lower during this period
due to effective evapotranspiration.
A correlation between precipitation and inﬁltration on an an-
nual basis was found only for A1 (0.7). Looking at all areas, corre-
lations of 0.5–0.6 were found for A1–A3 when excluding the winter
periods. The precipitation during the winter periods occurs
predominantly as snow and is discharged in unequal volumes by
sublimation, surface run-off and ground inﬁltration.
When using steel slag instead of common construction materi-
als, techniques for slag handling such as cooling, crossing, storage
and mixing as well as the cover installation itself have to be devel-
oped and adapted to the speciﬁc site conditions. Conventional
techniques and equipment can be used but close cooperation be-
tween all involved partners including planning, method and equip-
ment testing and quality assurance are crucial in order to achieve
the required performance.
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ferent types of slags with different properties. Slags similar to the
tested ones are produced at many Swedish steel mills. Assuming
that half of the Swedish steel mills need construction material
for internal landﬁlls and that there are one or two municipal land-
ﬁlls requiring covering located in the vicinity of each Swedish steel
mill, about 600–700 thousand tonnes of construction material
could be replaced by steel slags over a period of about 10 years,
i.e. 60–70,000 thousand tonnes annually. Long-range use is limited
by storage and transport costs but is, of course, dependent on mar-
ket conditions which, if favourable, could see steel slags replacing
larger amounts of virgin materials.
In order to secure good functionality of the top cover, i.e. to
limit inﬁltration into the landﬁll reliably and over a long-time,
the following should be ensured:
 Careful implementation of the developed recipes.
 Testing and adaption of the construction process and technique
including slag handling.
 Proper design of the protection layer with sufﬁciently large
water storage capacity.
Moreover, installing the cover with sufﬁcient slope inclination
in order to favour lateral drainage run-off and shortening of the
run-off distances by installing spillway pipes might be considered.
The existing results of cover performance and stability are
promising, but since they are the ﬁrst and only results, they must
be supplemented with monitoring and testing over a longer period
before any ﬁrm conclusions can be made about long-term
processes.
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